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Abstract The autophosphorylating protein, Ptk, of the bacter-
ium Acinetobacter johnsonii was overproduced, purified to
homogeneity and assayed for ATP binding by using the
nucleotide analog 5P-p-fluorosulfonylbenzoyl adenosine. The
ATP binding site of this bacterial autophosphorylating protein
was found to be different from that generally used by eukaryotic
protein kinases. It consists of two amino acid sequences that
closely resemble the Walker motifs A and B. This observation
was confirmed by site-directed mutagenesis experiments which
showed, in addition, that the ATP molecule bound to these motifs
is effectively employed by the bacterial protein to autophos-
phorylate on tyrosine. It is concluded that even though the overall
autophosphorylation reaction is similar in eukaryotic and
prokaryotic proteins, the mechanism involved is likely different.
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1. Introduction
Phosphorylation of proteins on tyrosine has long been con-
sidered to occur exclusively in eukaryotes. In these organisms,
it has been shown to play a key role in a series of fundamental
biological functions including cell proliferation, cell di¡eren-
tiation and signalling processes [1,2]. In prokaryotes, the pres-
ence of a similar phosphorylating activity was suggested,
much later than in eukaryotes, by the ¢nding of phosphotyr-
osine ¢rst in the proteins of Escherichia coli [3], then in the
proteins of a variety of bacterial species (reviewed in [4,5]).
But the signi¢cance of this ¢nding was found questionable for
several years due to the objection that the phosphotyrosine
residues might be generated by nucleotidylation rather than
phosphorylation of proteins [6,7]. However this uncertainty
has recently been cleared up by demonstrating, for the ¢rst
time, the presence of a tyrosine phosphorylating activity in the
bacterium Acinetobacter johnsonii [8,9]. This enzyme, termed
Ptk, is a 82-kDa protein located in the inner-membrane frac-
tion of cells, which has been puri¢ed to homogeneity by anti-
phosphotyrosine immunochromatography [8]. It is able to au-
tophosphorylate at multiple tyrosine residues by using ATP as
phosphoryl donor [8]. In this work, we have undertaken ex-
periments to characterize the mechanism of phosphorylation
of Ptk by analyzing in particular the ¢rst step of this reaction,
i.e. the binding of the precursor nucleotide ATP to the pro-
tein. The data presented hereafter have been compared to
those previously reported for eukaryotic tyrosine kinases.
2. Materials and methods
2.1. Bacterial strains and plasmids
A. johnsonii was obtained from A.M. Gounot (University of Lyon).
E. coli XL1-Blue strain was used to propagate plasmids in cloning
experiments. E. coli BL21 (pREP4-groESL), used for pQE30 and
pGEX-KT expression experiments, was previously described [10]. It
was a gift from I. Martin-Verstraete (Pasteur Institute, Paris). Plasmid
vectors pQE30 and pGEX-KT were purchased from Qiagen and
Pharmacia, respectively.
2.2. Culture media and growth conditions
A. johnsonii and E. coli strains were grown in 2YT medium at 30‡C
and 37‡C, respectively. In the case of strains carrying drug resistance
genes, the antibiotics kanamycin, ampicillin or tetracyclin, were added
to the medium at a concentration of 25 Wg/ml, 50 Wg/ml, and 15 Wg/ml,
respectively. Growth was monitored by measuring the absorbance at
600 nm.
2.3. DNA manipulations
Small- and large-scale plasmid isolations were carried out by the
alkaline lysis method, and plasmids were puri¢ed by using caesium
chloride-ethidium bromide gradients [11]. All restriction enzymes, calf
intestine phosphatase, T4 DNA ligase and T4 polynucleotide kinase,
were used as recommended by the manufacturer (Eurogentec). Trans-
formation of E. coli cells was performed by the method previously
described [12].
2.4. Construction of the ptk expression plasmids
Construction of the pQE30-ptk plasmid: A pUC19 vector carrying
a 5-kb chromosomal fragment from A. johnsonii containing the ptk
gene was used [9]. This plasmid served as template in PCR ampli¢ca-
tion for preparing the ptk gene with appropriate restriction sites at
both ends. The sequences of the two primers were 5P-TATGGATCC-
GAT GACGATGACAAATACGTTATGAGCCAAACTACAAAT-3P
at the N-terminus (the BamHI site is italicized; the enterokinase site is
bolded; the second codon of ptk is underlined) and 5P-TATAA-
GCTTTTAGTCTGATTCTTTATTGGC-3P at the C-terminus (the
HindIII site is italicized; the stop codon of ptk is underlined). The
ampli¢ed fragment was digested with BamHI and HindIII restriction
enzymes, then ligated into pQE30 vector, previously opened with the
same enzymes, to yield plasmid pQE30-ptk. The nucleotide sequence
of the synthesized ptk gene was checked according to [13].
Construction of the pGEX-ptk plasmid: The pQE30-ptk plasmid
was digested with the HindIII restriction enzyme and the resulting
recessed end was ¢lled with the Klenow fragment of DNA polymerase
I. After linearization, pQE30-ptk was restricted by BamHI and the
DNA fragment carrying the ptk gene was puri¢ed and inserted in the
pGEX-KT vector, opened with BamHI and SmaI enzymes. The re-
sulting plasmid was termed pGEX-ptk.
2.5. Site-directed mutagenesis
Site-directed mutagenesis was carried out by using the Transformer
Site-Directed Mutagenesis Kit from Clontech, based on the method
developed by [14]. The main characteristic of this strategy lies in the
fact that, in addition to the mutagenic oligonucleotide, a selection
oligonucleotide containing a mutation in a unique restriction site
within the target plasmid is used. This procedure was applied directly
to the pGEX-ptk construct. The oligonucleotide primers used for the
desired substitutions were as follows: K436M, 5P-CCAATTGCACC-
AATGAAACTACAGATTTTAATTC-3P ; K549M, 5P-GCTCCAGA-
AGTTGGTATGTCCTTTATCTCAACC-3P ; S550C, 5P-CCAGAAG-
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TTGGTAAATGCTTTATCTCAACCAAC-3P ; D651N, 5P-GATCA-
TGTGATTATCAATACTCCACCAGTC-3P ; and a MluI restriction
site-eliminating oligonucleotide, 5P-CTTCTCGCGCAGCGCGTCA-
GTGG-3P (the underlined bases indicate the changes from naturally
occurring nucleotides). All mutations were checked by DNA sequenc-
ing [13].
2.6. Puri¢cation of Ptk
E. coli BL21 (pREP4-groESL) cells were transformed with plasmid
pGEX-ptk. These cells were used to inoculate 1 l of 2YT medium
supplemented with ampicillin and kanamycin, and were incubated at
37‡C under shaking until A600 reached 0.8. Isopropyl-L-D-thiogalacto-
pyranoside (IPTG) was then added at a ¢nal concentration of 0.1 mM,
and growth was continued for 2 h at 30‡C under shaking. Cells were
harvested by centrifugation at 3000Ug for 10 min and suspended in
12 ml of bu¡er A (10 mM sodium phosphate (pH 7.4), 150 mM NaCl,
1 mM EDTA, 10% glycerol) containing 1 mM PMSF, and deoxyri-
bonuclease I and ribonuclease A at a ¢nal concentration of 100 Wg/ml
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Fig. 1. A: Construction of plasmids pQE30-ptk and pGEX-ptk. The ptk gene, with BamHI and HindIII restriction sites at both ends, was syn-
thesized by PCR and cloned into plasmid pQE30, previously digested with the same restriction enzymes, to yield plasmid pQE30-ptk. The Bam-
HI-HindIII DNA fragment, containing the ptk gene with the enterokinase site, was excised from pQE30-ptk and inserted into pGEX-KT which
was opened with BamHI and SmaI restriction enzymes. The N-terminal end of the recombinant protein is shown at the bottom. B: Schematic
presentation of the primary structure of Ptk. Numbering of amino acids is indicated from N-terminus to C-terminus. Shaded areas represent
nucleotide binding regions. The locations of amino acid substitutions in mutant proteins are shown by vertical arrows.
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each. Cells were disrupted in a French pressure cell at 16 000 psi. The
resulting suspension was supplemented with Triton X-100 at a ¢nal
concentration of 1% and centrifuged at 4‡C for 30 min at 30 000Ug.
The supernatant was incubated with glutathione-Sepharose 4B matrix
(Pharmacia Biotech), suitable for puri¢cation of glutathione-S-trans-
ferase (GST) fusion proteins, for 30 min at 4‡C. The protein-resin
complex was packed into a column for the washing and elution steps.
The column was washed with 50 ml of bu¡er A containing 1% Triton
X-100. Protein elution was carried out with bu¡er B (50 mM Tris-HCl
(pH 8.0), 5 mM MgCl, 10% glycerol) containing 0.1% Triton X-100
and 10 mM gluthatione. Eluted fractions were analyzed by gel electro-
phoresis [15]. Fractions containing Ptk were pooled and dialyzed
against bu¡er C (20 mM Tris-HCl (pH 8.8), 1 mM EDTA, 10%
glycerol) supplemented with 20 mM NaCl. This protein solution
was then loaded onto a column of Q-Sepharose High Performance
matrix (Pharmacia Biotech). Proteins were eluted with bu¡er C con-
taining 0.1% Triton X-100 and NaCl varying from 150 to 500 mM.
The GST-Ptk fusion protein was eluted at a concentration of 300
mM. Fractions containing the puri¢ed GST-Ptk protein were dialyzed
against bu¡er A and stored at 320‡C.
2.7. Phosphorylation assays
In vitro phosphorylation of about 3 Wg of puri¢ed wild or mutant
Ptk protein was performed at 30‡C in 10 Wl of a bu¡er containing
25 mM Tris-HCl (pH 7.0), 1 mM DTT, 5 mM MgCl2, 1 mM EDTA,
and 10 WM ATP with 200 WCi/ml [Q-32P]ATP. After 1, 2, 3, 5, or
10 min of incubation, the reaction was stopped by addition of an
equal volume of 2Usample bu¡er and the mixture was heated at
100‡C for 5 min. One-dimensional gel electrophoresis was performed
as described [15]. After electrophoresis, gels were soaked in 16% TCA
for 10 min at 90‡C. They were stained with Coomassie Blue, and
radioactive proteins were visualized by autoradiography.
2.8. ATP binding assays
Wild or mutant Ptk proteins were tested for their ability to bind
ATP by using a covalent ATP analog, the 5P-p-£uorosulfonylbenzoyl
adenosine (FSBA), and an anti-FSBA antibody for speci¢c detection.
Three Wg of wild or mutant GST-Ptk were ¢rst labelled with 1 mM
FSBA for 20 min at 30‡C. The reaction was stopped by boiling in an
equal volume of 2Usample bu¡er for 5 min. Proteins were run on
SDS polyacrylamide gel [15]. FSBA-derivitized proteins were trans-
ferred to a nitrocellulose membrane [16], which was then treated with
2% gelatin in bu¡er D (50 mM Tris-HCl (pH 7.4), 150 mM NaCl) for
1 h. The membrane was incubated with anti-FSBA antibody (Boehr-
inger Mannheim) diluted 1:500 in bu¡er D containing 0.1% Tween-
20. Alkaline phosphatase-conjugated secondary antibody (Boehringer
Mannheim) served as the second ligand. The blot was developed with
nitroblue tetrazolium and 5-bromo-4-chloro-3P-indolylphosphate
p-toluidine salt as substrates (Boehringer Mannheim).
3. Results
3.1. Overproduction and puri¢cation of GST-Ptk
Since a relatively large quantity of protein Ptk was required
for performing the di¡erent assays planned in this study, a
series of experiments was ¢rst carried out to overproduce this
protein by using the expression vector pQE30 from E. coli.
The ptk gene lacking the start codon and containing a se-
quence encoding the enterokinase site was synthesized by
PCR, and cloned in pQE30 previously digested with BamHI
and HindIII restriction enzymes. The resulting plasmid,
termed pQE30-ptk, was used to encode a fusion protein con-
sisting of the entire Ptk protein and 16 extra amino acids,
including six histidine residues and the enterokinase site at
its N-terminal end (Fig. 1). This construct was used to trans-
form competent cells from the BL21 (pREP4-groESL) strain
of E. coli ; this strain can overproduce the two chaperone
proteins GroES and GroEL and is suitable for the overpro-
duction of proteins that exhibit a high degree of hydropho-
bicity, such as Ptk. Upon induction by IPTG, an e¡ective
overexpression of a 85-kDa protein, consistent with the calcu-
lated molecular mass of the fusion protein, was obtained.
However, the attempt made to purify this 6His-Ptk protein
by using a Zn2 matrix, suitable for the puri¢cation of fusion
proteins carrying a polyhistidine tag, failed because the fusion
protein could not bind to the resin.
Therefore, to overcome this problem, another approach us-
ing the expression vector pGEX-KT was used. The BamHI-
HindIII DNA fragment, containing the ptk gene with the
enterokinase site, was excised from pQE30-ptk and inserted
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Fig. 2. Overproduction and puri¢cation of Ptk. Total soluble pro-
teins from BL21 (pREP4-groESL)(pGEX-ptk) cells and puri¢ed
GST-Ptk were analyzed by SDS-PAGE and stained with Coomassie
Blue. Lane 1, molecular mass standards; lane 2, soluble fraction
from BL21 (pREP4-groESL)(pGEX-ptk) cells grown in the absence
of IPTG; lane 3, soluble fraction from BL21 (pREP4-groESL)-
(pGEX-ptk) cells grown in the presence of 0.1 mM IPTG (the loca-
tion of GroEL and GroES chaperone proteins is indicated by ar-
rows); lane 4, puri¢cation of GST-Ptk by a⁄nity chromatography
on glutathione-Sepharose 4B; lane 5, puri¢cation to homogeneity of
GST-Ptk by additional anion exchange chromatography on Q-Seph-
arose; lane 6, puri¢cation of mutant protein GST-Ptk K436M by
double chromatography; lane 7, puri¢cation of mutant protein
GST-Ptk K549M by double chromatography; lane 8, puri¢cation of
mutant protein GST-Ptk S550C by double chromatography; lane 9,
puri¢cation of mutant protein GST-Ptk D651N by double chroma-
tography.
Fig. 3. Two-dimensional analysis of the phosphoamino acids of pro-
tein GST-Ptk. The fusion protein GST-Ptk was puri¢ed by double
chromatography and subjected to acid hydrolysis. The phosphoami-
no acids thus liberated were separated by electrophoresis in the ¢rst
dimension (1st) and ascending chromatography in the second dimen-
sion (2nd). After migration radioactive molecules were revealed by
autoradiography. Authentic phosphoserine (P-Ser), phosphothreo-
nine (P-Thr) and phosphotyrosine (P-Tyr) were run in parallel and
visualized by staining with ninhydrin.
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in the pGEX-KT vector opened with BamHI and SmaI re-
striction enzymes. The resulting plasmid, termed pGEX-ptk,
was able to encode a fusion protein consisting of Ptk with the
glutathione-S-transferase at its N-terminal end (Fig. 1). This
plasmid was used to transform the BL21 (pREP4-groESL)
strain of E. coli. Upon induction by IPTG, the GST-Ptk
was e¡ectively overproduced, and further puri¢ed to homo-
geneity in a two-step chromatographic procedure, including
an a⁄nity chromatography on glutathione-Sepharose 4B ma-
trix followed by an anion exchange chromatography on a
Q-Sepharose column (Fig. 2, lane 5). In these conditions,
about 1 mg of pure protein was obtained from 1 l of bacterial
culture.
Di¡erent attempts were then made to obtain the Ptk protein
in a native state, i.e. without the GST at its N-terminal end,
by using either enterokinase or thrombin proteases. The fu-
sion protein was actively hydrolyzed but the native Ptk pro-
tein thus obtained had no more autophosphorylating activity.
This loss of activity might be related to the aggregation of the
Ptk protein due to its high degree of hydrophobicity. The
fusion protein GST-Ptk was therefore used in all following
experiments. However, before analysing the ATP binding
site of GST-Ptk, a control experiment was performed to check
whether the behavior of this fusion protein in terms of auto-
phosphorylating activity at tyrosine sites was identical to that
of the free Ptk protein, i.e. unbound to GST. For this, pure
GST-Ptk was incubated in the presence of radioactive ATP,
subjected to acid hydrolysis, and the phosphoamino acids thus
released were separated in two successive dimensions and re-
vealed by autoradiography. The pattern presented in Fig. 3
clearly shows that GST-Ptk behaved like the unbound protein
Ptk [8] in the sense that it also was phosphorylated exclusively
at tyrosine.
3.2. Localization of the ATP binding site
The ¢rst step of the chemical mechanism of autophospho-
rylation of the Ptk protein, like that of any phosphorylating
enzyme of this type, consists in the binding of ATP to the
protein. Previous analysis of the amino acid sequence of Ptk,
deduced from the nucleotide sequence of the ptk gene, had
revealed two putative ATP binding sites [9]. This protein in-
deed contains amino acid sequences or individual amino acids
at invariant positions that are homologous to certain sequen-
ces speci¢c to the protein kinase family [17,18]. These con-
served sequences are, ¢rst, the glycine-rich loop G415-E-I-G418
followed by the invariant V420 which is similar to the subdo-
main I of eukaryotic protein kinases and, second, the invari-
ant K436 which is homologous to the subdomain II of these
same kinases (Fig. 4A). In the eukaryotic protein kinase fam-
ily, these two conserved features, especially the invariant K,
have been shown to be involved in the binding of the ATP
phosphoryl donor. On the other hand, the Ptk protein con-
tains two conserved sequences at the C-terminal end,
G542PAPEVGKS550 and V648IID651, which are similar respec-
tively to the Walker A motif [AG]X4GK[ST] and to the
Walker B motif [hhhD] (X refers to any amino acid; h rep-
resents a hydrophobic amino acid; alternative residues at a
given position are bracketed) (Fig. 4B). These conserved mo-
tifs are commonly found in adenine and guanine nucleotide
binding proteins such as guanylate kinase, protein Ras, ad-
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Fig. 5. FSBA binding assays. About 3 Wg of puri¢ed wild or mutant
Ptk protein were labelled with FSBA, run on polyacrylamide gel
electrophoresis and transferred to nitrocellulose membrane. FSBA-
labelled proteins were revealed with an anti-FSBA antibody, which
was itself detected with alkaline phosphatase-conjugated secondary
antibody. The blot was treated with nitroblue tetrazolium and 5-
bromo-4-chloro-3P-indolylphosphate p-toluidine salt as substrates.
Lane 1, wild GST-Ptk; lane 2, mutant GST-Ptk K436M; lane 3,
mutant GST-Ptk K549M; lane 4, mutant GST-Ptk S550M; lane 5,
mutant GST-Ptk D651N.
Fig. 4. A: Comparison of the amino acid sequence of Ptk with the
conserved subdomains I and II of eukaryotic protein tyrosine kin-
ases. The alignment of the amino acid residues from 408 to 424 and
from 431 to 441 of the Ptk protein with respectively subdomains I
and II of various protein kinases is presented: c-Src, human P60-
SRC proto-oncogene protein tyrosine kinase (P12931); EFGR, hu-
man epidermal growth factor receptor (P00533); PDGFR, human
platelet-derived growth factor receptor (P09619); INS.R, human in-
sulin receptor (P06213). B: Comparison of the amino acid sequence
of Ptk with the Walker A motif of nucleotide binding proteins. The
alignment of the amino acid residues from 541 to 552 of the Ptk
protein with the Walker A motif of various proteins is presented:
GKY, phosphoglycerate kinase (P15454); Ras, Ras GTP binding
protein (P01112); ADK, adenylate kinase (P00571); ETU, elonga-
tion factor EF-Tu (P02990).
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enylate kinase and elongation factor EF-Tu. But, no protein
kinase has been reported so far to use this sequence for bind-
ing the nucleotide phosphoryl donor [19^21].
The involvement of these di¡erent conserved features in the
binding of ATP by Ptk was assessed. For this, various con-
servative mutant proteins were generated by site-directed mu-
tagenesis of the ptk gene, overproduced from pGEX plasmid,
and puri¢ed by a⁄nity chromatography followed by anion
exchange chromatography (Fig. 2, lanes 6 to 9), as in the
case of wild-type Ptk (Fig. 2, lanes 4 and 5). The levels of
expression of the di¡erent mutants were similar to that of the
wild-type ptk gene since, in each case, about 1 mg of pure
mutant protein was obtained from 1 l of bacterial culture.
After puri¢cation, each mutant protein was assayed for its
capacity to bind to the covalent ATP analog 5P-p-£uorosulfo-
nylbenzoyl adenosine (FSBA) [22]. The ¢rst mutant protein
analyzed was the GST-Ptk K436M, modi¢ed in the eukaryotic
kinase-like subdomain II which is crucial, even more than
subdomain I, for ATP binding in eukaryotes. It was observed
that this mutant protein could still be labelled with FSBA,
which indicated that the concerned amino acid, K436, is not
essential for ATP binding to Ptk (Fig. 5, lane 2). Since, by
contrast, the substitution of this conserved amino acid in eu-
karyotic protein kinases results in the complete loss of a⁄nity
of the enzymes for ATP [23], it was therefore suggested that
Ptk does not utilize the same process as eukaryotic enzymes
for binding ATP. Other mutants of Ptk were prepared by
changing either the Walker A or the Walker B motif. Two
mutant proteins consisted in conservative replacements within
motif A, K549M and S550C, and in a third protein the as-
partate at position 651 was mutated to an asparagine within
motif B. Such mutations were chosen on the basis that in the
eukaryotic ATP binding protein family, except protein kin-
ases, the conserved amino acids lysine and aspartate have
been previously shown to be essential for Mg2-nucleotide
binding and the serine residue has been reported to be impor-
tant for both ATP binding and catalysis [21,24^26]. Our re-
sults surprisingly showed that the three mutant proteins GST-
Ptk K549M, S550C, and D651N, were all unable to bind
FSBA (Fig. 5, lanes 3 to 5). This ¢nding therefore suggested
that, contrary to eukaryotic protein kinases, both Walker mo-
tifs A and B present in the prokaryotic phosphorylating en-
zyme Ptk are required for the binding of ATP to the enzyme.
3.3. Utilization of ATP as phosphoryl donor
Further experiments were performed to determine whether
the binding of ATP to the Walker motifs of Ptk actually
represented the ¢rst step of the overall phosphorylation mech-
anism of this bacterial enzyme and, namely, was followed by
the utilization of the nucleotide as phosphoryl donor. To
check this point, the di¡erent mutant Ptk proteins described
above were tested individually for their ability to autophos-
phorylate. After puri¢cation, each protein was incubated in
vitro with [Q-32P]ATP for 10 min, a time length which allows
optimal autophosphorylation of the wild Ptk protein, and was
separated by gel electrophoresis. After autoradiography, it
was observed that only the GST-Ptk K436M was labelled to
the same extent as the wild protein, which indicated that ly-
sine 436 is not essential for the autophosphorylation of Ptk
(Fig. 6A, lane 2). In contrast, the three proteins mutated in
the Walker motifs could no more autophosphorylate, even
after longer incubation with [Q-32P]ATP (Fig. 6A, lanes 3 to
5), thus showing that not only these motifs are required for
ATP binding but, furthermore, they are needed for the auto-
phosphorylation reaction. Finally, to con¢rm the importance
of the Walker motifs in both the binding of ATP and its
utilization as phosphoryl donor, the wild GST-Ptk protein
FEBS 21583 22-2-99
Fig. 7. Comparison of the predicted secondary structure of Ptk with
that of various nucleotide binding proteins. The structures of the
amino acid sequences surrounding, upstream and downstream, the
Walker A-like motif of Ptk were predicted by using the SOPMA
method. They were compared to those surrounding the Walker A
motif of di¡erent nucleotide binding proteins whose crystal structure
had been previously established, as indicated in the legend of Fig. 3.
The black arrows represent L-sheets and the shaded boxes refer to
K-helices.
Fig. 6. Ptk autophosphorylation assay. A: About 3 Wg of puri¢ed
wild or mutant GST-Ptk protein were incubated with [Q-32P]ATP.
Proteins were then separated by polyacrylamide gel electrophoresis,
gels were soaked in 16% TCA and radioactive bands were revealed
by autoradiography. Lane 1, wild GST-Ptk; lane 2, mutant GST-
Ptk K436M; lane 3, mutant GST-Ptk K549M; lane 4, mutant
GST-Ptk S550M; lane 5, mutant GST-Ptk D651N. B: About 3 Wg
of puri¢ed wild GST-Ptk protein were incubated in the absence
(lane 1) or in the presence (lane 2) of FSBA for 20 min at 30‡C.
The protein was then assayed for autophosphorylation with [Q-32P]-
ATP, as described above. Phosphoproteins were revealed by auto-
radiography.
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was ¢rst incubated with FSBA then assayed for autophos-
phorylation in the presence of radioactive ATP. In these con-
ditions, no labelling of the protein was detected, which
brought evidence that the target site of the ATP analog is
the same binding site as that used by the ATP molecule in-
volved in the autophosphorylation process (Fig. 6B, lane 2).
4. Discussion
The main result of this study is that, in the bacterial phos-
phorylating enzyme Ptk of A. johnsonii, the molecule of ATP
which serves as phosphoryl donor for the autophosphoryla-
tion reaction binds to a protein site di¡erent from that gen-
erally used by eukaryotic protein kinases. This site includes
two amino acid sequences that resemble respectively the two
Walker motifs: ¢rst, the G542PAPEVGKS550 sequence which
is similar to the consensus motif A, also called P-loop [20,21],
consisting of [AG]XXXXGK[ST] and, second, the V648IID651
sequence which is similar to the consensus sequence hhhD of
motif B [19]. The similarity of the G542PAPEVGKS550 se-
quence of Ptk with a Walker A motif is further supported
by the theoretical analysis of the amino acid sequences sur-
rounding this sequence within the protein. Indeed, by using
the SOPMA (self optimized prediction method from align-
ment) method described in [32], we observed that the
G542PAPEVGKS550 sequence is located between a L-sheet
structure and a short K-helix (Fig. 7). The same structural
organization has been found to occur in a number of nucleo-
tide binding proteins harboring a genuine Walker A motif,
namely guanylate kinase [33], Ras protein [34], adenylate kin-
ase [35] and elongation factor EF-Tu [36]. In these di¡erent
proteins, whose crystal structure has been determined, such
structural organization has been demonstrated to be required
for ATP binding.
The occurrence of Walker motifs A and B has been de-
scribed in a wide variety of prokaryotic and eukaryotic ATP
or GTP binding proteins [27]. However, searches that we
made in the Swissprot 34 database as well as observations
made by other authors [28] indicated that no known protein
kinase had so far been shown to contain such motifs. Only, in
a few exceptions, a motif similar, but not identical, to the
Walker A motif was detected in eukaryotic protein kinases.
These concern, for instance, the DNA damage response pro-
tein kinase Dun1 [29] which harbors the GDRIVFGKS motif,
the tyrosine protein kinase receptor MDK-5 [30] with the
sequence AVNGVSGKS, or the proto-oncogene tyrosine pro-
tein kinase Yes [31] with the sequence ARSIATGKS. In these
cases, the consensus motif [AG]XXXXGK[ST] is replaced
with a motif including ¢ve, instead of four, varying amino
acid residues X in the central part of the sequence. And,
moreover, when checked by site-directed mutagenesis, the
phosphorylating activity of such kinases has been demon-
strated to be linked not to this Walker-like motif but to other
amino acids within the protein molecule, namely in subdo-
main II [29].
Together, our data provide evidence, for the ¢rst time, that
(1) a bacterial phosphorylating enzyme that closely resembles
a protein tyrosine kinase, contains two amino acid sequences
similar to the Walker motifs A and B, (2) these two sequences
are essential for the binding of ATP, (3) the ATP molecule
bound to these sequences is the nucleotide precursor used by
the enzyme to autophosphorylate. However, these two amino
acid sequences do not contain any tyrosine residue liable to
undergo phosphorylation. This means that the phosphoryla-
tion reaction that follows the binding of ATP to the kinase
occurs at site(s) di¡erent from the nucleotide binding site.
Further studies are therefore needed to elucidate the catalytic
mechanism which directs the transfer of the Q-phosphate of
ATP to its peptide substrate within the protein molecule. In
any case, in terms of evolution, it now seems clear that even
though the overall reaction of autophosphorylation on tyro-
sine is similar in eukaryotic and prokaryotic enzymes, the
corresponding mechanism is likely di¡erent.
Acknowledgements: Thanks are due to E. Duglas, M. Riberty and E.
Vaganay for expert assistance and to G. Deleage for theoretical anal-
ysis of protein structure. This work was supported by grants from the
CNRS (UPR 412), the UniversiteŁ de Lyon, the ReŁgion RhoŒne-Alpes
and the Institut Universitaire de France.
References
[1] Fantl, W.J., Johnson, D.E. and Williams, L.T. (1993) Annu. Rev.
Biochem. 62, 453^481.
[2] Hunter, T. (1995) Cell 80, 225^236.
[3] Cortay, J.C., Duclos, B. and Cozzone, A.J. (1986) J. Mol. Biol.
187, 305^308.
[4] Cozzone, A.J. (1988) Annu. Rev. Microbiol. 42, 97^125.
[5] Cozzone, A.J. (1993) J. Cell. Biochem. 51, 7^13.
[6] Ambros, V. and Baltimore, D. (1978) J. Biol. Chem. 253, 5263^
5266.
[7] Foster, R., Thorner, J. and Martin, G.S. (1989) J. Bacteriol. 171,
272^279.
[8] Duclos, B., Grangeasse, C., Vaganay, E., Riberty, M. and Coz-
zone, A.J. (1996) J. Mol. Biol. 259, 891^895.
[9] Grangeasse, C., Doublet, P., Vaganay, E., Vincent, C., DeleŁage,
G., Duclos, B. and Cozzone, A.J. (1997) Gene 204, 259^265.
[10] Amreim, K.E., Takacs, B., Stieger, M., Molnos, J., Flint, N.A.
and Burn, P. (1995) Proc. Natl. Acad. Sci. USA 92, 1048^
1052.
[11] Ish-Horowicz, D. and Burke, J.F. (1981) Nucleic Acids Res. 9,
2989^2998.
[12] Dagert, M. and Ehrlich, S.D. (1979) Gene 6, 23^28.
[13] Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463^5467.
[14] Deng, W.P. and Nickolo¡, J.A. (1992) Anal. Biochem. 200, 81^
88.
[15] Laemmli, U.K. (1970) Nature 227, 680^685.
[16] Twobin, H., Staehelin, T. and Gordon, J. (1979) Proc. Natl.
Acad. Sci. USA 76, 4350^4354.
[17] Hanks, S.K., Quinn, A.M. and Hunter, T. (1988) Science 241,
42^52.
[18] Hanks, S.K. and Quinn, A.M. (1991) Methods Enzymol. 200,
38^62.
[19] Walker, J.E., Saraste, M., Runswick, M.J. and Gay, J.G. (1982)
EMBO J. 1, 945^951.
[20] Higgins, C.F., Hiles, I.D., Salmond, G.P.C., Gill, D.R., Downie,
J.A., Evans, I.J., Holland, I.B., Gray, L., Buckel, S.D., Bell,
A.W. and Hermodson, M.A. (1986) Nature 323, 448^450.
[21] Saraste, M., Sibbald, P.R. and Wittingnofer, A. (1990) Trends
Biochem. Sci. 15, 430^434.
[22] Zoller, M.J., Norman, C.N. and Taylor, S.S. (1981) J. Biol.
Chem. 256, 10837^10838.
[23] Taylor, S.S., Knighton, D.R., Zheng, J., Sowadski, J.M., Gibbs,
C.S. and Zoller, M.J. (1993) Trends Biochem. Sci. 18, 84^89.
[24] van der Wolk, J.P.W., Klose, M., de Wit, J.G., den Blaauwen,
T., Freudl, R. and Driessen, A.J.M. (1995) J. Biol. Chem. 270,
18975^18982.
[25] Vertommen, D., Bertrand, L., Sontag, B., Di Pietro, A., Louckx,
M.P., Vidal, H., Hue, L. and Rider, M.H. (1996) J. Biol. Chem.
271, 17875^17880.
[26] Uyeda, K., Wang, X.L., Mizuguchi, H., Li, Y., Nguyen, C. and
Hasemann, C.A. (1997) J. Biol. Chem. 272, 7867^7872.
[27] Higgins, C.F. (1992) Annu. Rev. Cell Biol. 8, 67^113.
FEBS 21583 22-2-99
P. Doublet et al./FEBS Letters 445 (1999) 137^143142
[28] Kieber, J.J., Rothenberg, M., Roman, G., Feldmann, K.A. and
Ecker, J.R. (1993) Cell 72, 427^441.
[29] Saiz, J.E., Buitrago, M.J., Garcia, R., Revuelta, J.L. and Del
Rey, F. (1996) Yeast 12, 1077^1084.
[30] Ciossek, T., Lerch, M.M. and Ullrich, A. (1995) Oncogene 11,
2085^2095.
[31] Hebert, B., Bergeron, J., Tijssen, P. and Potworowski, E.F.
(1994) Gene 143, 257^260.
[32] Geourjon, C. and Deleage, G. (1994) Protein Eng. 7, 157^164.
[33] Stehle, T. and Schulz, G.E. (1992) J. Mol. Biol. 224, 1127^1141.
[34] Pai, E.F., Krengel, U., Petsko, G.A., Goody, R.S., Kabsch, W.
and Wittinghofer, A. (1990) EMBO J. 9, 2351^2359.
[35] Dreusicke, D., Karplus, P.A. and Schulz, G.E. (1988) J. Mol.
Biol. 199, 359^371.
[36] Kjeldgaard, M. and Nyborg, J. (1992) J. Mol. Biol. 223, 721^742.
FEBS 21583 22-2-99
P. Doublet et al./FEBS Letters 445 (1999) 137^143 143
